Abstract: Poly(3-hydroxybutyrate)/Cloisite25A (PHB/25A) nanocomposites were prepared by solution-intercalation method. The intercalation of PHB chains between the layers of Cloisite25A was observed by X-ray diffraction (XRD). Differential scanning calorimetry (DSC) and non-isothermal thermogravimetry (TG) analysis were performed to study the thermal properties, crystallization and the thermal degradation of the prepared nanocomposites. DSC analysis indicates that Cloisite25A acts as a nucleating agent and increases the crystallization rate of PHB, but due to intercalation reduces its overall degree of crystallinity. TG analysis shows that addition of Cloisite25A enhances the thermal stability of PHB.
Introduction
Poly(3-hydroxybutyrate) (PHB) has been recognized as a potential environmental friendly substitute for traditional plastics, especially in packaging, agriculture, hygiene products and medical applications since it is fully biodegradable and biocompatible. PHB is aliphatic polyester biosynthesized by at least 75 different genera of bacteria as an intracellular storage material [1] , usually when there is a growth-limiting component in the presence of excess carbon source. Industrially it is produced in large quantities from cheap renewable resources (sugar beets, sugar cane etc.) by bacterial fermentation, but its cost is higher than conventional polymers. PHB is thermoplastic and can be processed on conventional plastic-forming equipment. It has some physical and mechanical properties, like tensile strength and Young's modulus [2] [3] [4] , comparable to those of isotactic polypropylene (iPP) [5] [6] [7] . But, PHB is stiff and brittle and its elongation at break () is only 3-10 % [2, 4] ( of iPP is between 500 and 900 %) [6, 7] due to high crystallinity and secondary crystallization.
Very low resistance to thermal degradation seems to be the most serious problem related to processing of PHB. The melting temperature of PHB is around 175±5 °C and therefore the processing temperature should be at least 190 °C. At these temperatures thermal degradation of PHB is very fast and acceptable residence time in processing equipment is only a few minutes. The mechanism of the thermal degradation of PHB is described in literature [8] . Actually, the thermal instability of PHB in the melt prevents it from substituting the non-biodegradable plastic materials in commercial products [9] .
To improve these properties of PHB various internal [10] [11] [12] (copolymer formation) and external plasticization [2, 4, [13] [14] [15] as well as numerous blends [16] [17] [18] [19] of PHB have been made. In this work, as an alternative to these conventional methods, PHB nanocomposites with organically modified montmorillonite (Cloisite25A) as nanofiller were prepared. Montmorillonite is layered clay mineral, belonging to the group of 2:1 phyllosilicates, naturally abundant, environmentally friendly and economic. The compatibility between polymer matrix and the silicate layers of clay is the key to a successful development of clay-based polymer nanocomposites [20] . Since montmorillonite is hydrophilic and therefore incompatible with the hydrophobic polymers, it is usually chemically modified by a cation-exchange method, by which its sodium counterions are exchanged with adequate organic, usually alkyl ammonium cations in order to match its compatibility with polymer matrix.
PHB nanocomposites can be prepared by melt intercalation or solution intercalation method. In this work, the solution method is used because it gives a good control of the homogeneity of constituents and helps to understand the intercalation process and nanocomposite morphology [21] . Furthermore, this method is often used to prepare nanocomposites of other biodegradable polymers, like polylactide [22] [23] [24] or poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [25] .
To our knowledge, in literature one can find only a few articles concerning PHB nanocomposites. Kaolinite [26] , fluoromica [27] and organically modified montmorillonites [27] [28] [29] were used as nanofillers for PHB. PHB nanocomposites were prepared by melt intercalation [27] and solution intercalation [28, 29] . PHB exhibited improved mechanical properties and thermal stability in the obtained nanocomposites. However, in their article Lim et al. [29] did not quantify the increase of the thermal stability observed by the non-isothermal thermogravimetry (TG) while differential scanning calorimetry (DSC) measurements were not performed. Cheng et al. [28] reported that montmorillonite, organically modified with 12-aminolauric acid increased the crystallization rate and crystallization temperature of PHB in nanocomposites while the overall crystallinity of PHB was reduced compared to the neat polymer. Finally, Maiti et al. [27] did not observe any change in the crystallinity of PHB in nanocomposites compared to the neat polymer. The aim of this work is to investigate and quantify the influence of montmorillonite organically modified with dimethyl 2-ethylhexyl (hydrogenated tallowalkyl) ammonium cations (Cloisite25A) on the thermal properties, crystallinity, crystallization rate and thermal stability of PHB in the prepared nanocomposites by means of DSC and TG.
Results and discussion

X-ray diffraction (XRD)
The casting films of PHB/25A samples and powders of pure PHB and Cloisite25A were analyzed by X-ray diffraction. Pure PHB does not show any peaks in this 2θ region. The diffraction peak from the 001 crystal plane of pure Cloisite25A is observed at 2θ=4.73° and corresponding mean interlayer spacing d 001 of 1.868 nm is calculated. In cases of intercalated nanocomposites formation, the interlayer spacing of layered nanofiller is usually increased relative to that of pure one, what causes a shift of XRD peaks towards lower 2θ angles while XRD patterns with no distinct features in the low 2θ range are anticipated in case of exfoliated nanocomposites due to the loss of structural registry [30] . In our case, PHB/25A 100/1 and 100/3 samples show peaks at 2θ angles which are slightly higher compared to pure Cloisite25A (4.85°and 4.82°, respectively) indicating decrease of d 001 from 1.868 nm to 1.832 nm and 1.843 nm. So, it can be assumed that intercalation of PHB chains into galleries of Cloisite25A in these samples did not take place. However, intensities of these peaks are significantly reduced compared to pure Cloisite25A and other PHB/25A samples, especially for sample 100/3. These low intensities can, of course, be ascribed to the low concentration of Cloisite25A in 100/1 and 100/3 samples. On the other hand, their intensity is not linear with fraction of Cloisite25A (100/3 has lower intensity than 100/1) meaning that this effect cannot be ascribed only to low concentration of Cloisite25A but, in our opinion, to the loss of crystallographic order and dispersion of some silicate layers in PHB matrix.
The diffraction maxima of PHB/25A 100/5, 100/7 and 100/10 samples are shifted to lower values, i.e. to 3.00°, 3.67°and 2.35°, indicating increase of d 001 from 1.868 nm to 2.945 nm, 2.407 nm and 3.759 nm, respectively. These results indicate that the intercalation of PHB chains into galleries of Cloisite25A in these samples really did take place. PHB/25A 100/5 showed XRD peak which is broader and of lower intensity compared to 100/7 and 100/10, respectively. On the other hand, when Cloisite25A content increased to 10 wt. % two diffraction peaks are observed ( Figure  1 ). Two 2θ angles are 2. 
Differential scanning calorimetry (DSC)
Melting and crystallization behaviours of pure PHB and PHB/25A nanocomposites were investigated by DSC. Figure 3 shows the second DSC heating curves of pure PHB and PHB/25A nanocomposites. The endothermic peak on DSC curves corresponds to the melting of crystalline phase. Pure PHB has only one melting peak (without any shoulder) and no cold crystallization peak was observed. This indicates that pure PHB was fully crystallized during cooling, without observable less perfect crystals that could recrystallize and subsequently melt. PHB/25A nanocomposites have two melting peaks, a small one at lower temperatures and larger one at higher temperatures. The bimodal melting peak in PHB/25A nanocomposites is attributed to the presence of Cloisite25A in PHB matrix, i.e. to the nucleation ability of Cloisite25A. DSC data of the second heating scans for pure PHB and PHB/25A nanocomposites are shown in Table 1 .
Tab. 1. DSC data of second heating scans for pure PHB and PHB/25A nanocomposites.
PHB/25A
T m1 (°C) The crystallization rate can be calculated by dividing the heat of crystallization (H c ) with the time from the onset to the completion of crystallization, (H c /time) [32] . The half crystallization time (t 1/2 ) for pure PHB and PHB/25A nanocomposites is calculated from the graphs of the relative crystallinity (X t ) as a function of crystallization time (t) as shown in Figure 5 . Relative crystallinity for each sample is calculated as the ratio of the partial enthalpies of cooling at selected crystallization time to the overall enthalpy of cooling from DSC curves. The calculated values (Table 2) show that the addition 1-7 wt. % of Cloisite25A reduces t 1/2 and increases the crystallization rate compared to pure PHB by acting as a nucleating agent for PHB, facilitating the heterogeneous crystallization process. The addition of 1 and 3 wt. % of Cloisite25A has the most positive effect on the crystallization rate of PHB, while value for 7 wt. % of Cloisite25A is similar to those of pure PHB. The addition of 10 wt. % of Cloisite25A slightly decreases the crystallization rate compared to pure PHB. It is known that effective nucleating agent must have high surface area and chemical affinity for the polymer [32] . Since chemical affinity of Cloisite25A for the PHB does not change with the amount, obviously its surface area in the PHB matrix changes with the amount added and causes the difference in the crystallization rate of PHB. These results indicate that up to 7 wt. % Cloisite25A can be properly dispersed throughout the PHB matrix and therefore high surface area and better nucleation effect can be obtained. The addition of 10 wt. % of Cloisite25A probably leads to agglomeration of Cloisite25A particles in the PHB matrix and therefore to the decrease of the surface area, i.e. nucleating effect, what finally results in lowering crystallization rate. Therefore, only a small amount of well dispersed clay serves well as a nucleating agent. These findings support the values of the degrees of crystallization of PHB during cooling (X cc ). Similar influence of the organically modified montmorillonites on the crystallization behaviour of polymer has already been observed [33] [34] [35] .
It is obvious from these results that Cloisite25A influences the crystallization of PHB in two opposite ways. Firstly, small amounts of Cloisite25A (up to 5 wt. %) act as an effective nucleating agent and increase the crystallization rate of PHB since it is possible to obtain good dispersion of Cloisite25A nanoparticles in the PHB matrix. Secondly, the intercalation of PHB chains into Cloisite25A layers restricts their motion in the intercalated parts and lowers their ability to crystallize, i.e. lowers the overall X c of PHB.
TG and thermal stability
The thermogravimetric (TG) curves of the non-isothermal degradation of pure PHB and PHB/25A nanocomposites obtained in the temperature range from 50 to 500 °C at the heating rate of 2.5 °C/min are shown in Figure 6 . The thermal degradation of pure PHB and PHB/25A nanocomposites is a one stepprocess between 200 and 300 °C. It is obvious from Figure 6 that residual mass increases linearly with addition of Cloisite25A what is ascribed to the thermal stability of Cloisite25A in this temperature region. Pure PHB degrades without residue, while char was found as residue after TG analysis of PHB/25A nanocomposites. Charring has been reported to be partially responsible for the limited diffusion of the combustion gases and could be at the origin of the fire retardant properties of polymer layered silicate nanocomposites [36] .
In order to establish the influence of Cloisite25A on the thermal stability of PHB the onset degradation temperatures (T°) and the temperatures at the maximum degradation rate (T max ) were determined. Dependencies of T° and T max on Cloisite25A content for different heating rates are shown in Figures 7 and 8 , respectively.
It is observed that addition 1-10 wt. % of Cloisite25A shifts T° and T max temperatures toward higher values compared to pure PHB. The highest values of T° and T max are obtained with addition of 5 wt. % Cloisite25A where these values are 25-30 °C higher than those of pure PHB. Increase in the thermal stability of polymer nanocomposites compared to pure polymer is usually attributed to the mass barrier effect of silicate layers to volatile products generated during thermal decomposition. They are impermeable for them and therefore increase the diffusion pathway of volatile products what results in delayed thermal decomposition.
Fig. 7.
Effect of Cloisite25A content and heating rates on the onset degradation temperature (T°) of PHB. Fig. 8 . Effect of Cloisite25A content and heating rates on the temperature at the maximum degradation rate (T max ) of PHB.
Due to their high thermal stability, clay particles can also act as the thermal insulator. This is possible only if clay particles are well dispersed in polymer matrix and in amounts below which their agglomeration occurs. When the amount of Cloisite25A increases to 7-10 wt. %, the shifts of the temperatures T° and T max are decreased compared to addition of 5 wt. %. Namely, as the amount of Cloisite25A increases, the tendency of Cloisite25A to form agglomerates increases. Similar behavior has already been reported [31] . Agglomerates can locally accumulate the outside heat and cause the earlier start of thermal degradation, i.e. decrease the enhancement of the thermal stability of PHB. These results support the fact that the degree of dispersion affects the thermal stability of nanocomposites. In our previous work [37] we have performed kinetic analysis of the non-isothermal degradation of these PHB/25A nanocomposites and calculated empirical kinetic triplets. Kinetic analysis showed that addition of Cloisite25A reduced the rate of the non-isothermal degradation (k) of PHB and that nanocomposite with addition of 5 wt. % Cloisite25A showed the lowest k value, what is in accordance with thermogravimetric results.
Finally, clay particles may show stronger interaction with polymer matrix when the external temperature approaches the degradation temperature [38] . Therefore, this enhancement in the thermal stability of PHB may be regarded as the additional evidence of PHB/25A nanocomposite formation.
Conclusions
Solution intercalation method was used for preparation of PHB/25A nanocomposites. X-ray diffraction analysis indicates formation of PHB/25 nanocomposites. Results of DSC analysis indicate that addition of Cloisite25A up to 5 wt. % increases the crystallization rate of PHB. At higher loadings crystallization rate is similar to pure PHB. On the other hand, the overall degree of crystallinity of PHB reduces with addition of Cloisite25A. Thermogravimetric analysis proofs that Cloisite25A enhances the thermal stability of PHB. The most positive effect is obtained with addition 5 wt. % of Cloisite25A.
Experimental part
Materials
Poly ( Organically modified montmorillonite Cloisite25A (25A) was purchased from Southern Clay Products Inc. (Gonzales, USA) and used as received. Cloisite25A is a natural montmorillonite modified with dimethyl 2-ethylhexyl (hydrogenated tallowalkyl) ammonium cations. The characteristics of Cloisite25A are shown in Table 3 according to the data provided by the supplier [40] .
Preparation of PHB/25A nanocomposites PHB/25A nanocomposites (100/1, 100/3, 100/5, 100/7 and 100/10 by weight) were prepared by the solution-intercalation film casting method. For each composition 0.5 g of PHB was dissolved in 50 mL of chloroform (1 % wt/v solution). Different amounts of Cloisite25A, depending on sample composition, were dispersed in 50 mL of chloroform by vigorous mechanical stirring for 1 hour and ultra-sonication at 160 W and room temperature for 30 minutes (pulse model was used to avoid extensive temperature increase). In the each obtained dispersion 50 mL of 1 % wt/v solution of PHB was added and the mixtures were mixed and ultra-sonicated as described above. Mixtures were cast on Petri dishes and the films were obtained by evaporating the solvent at room temperature and drying in vacuum at 40 °C for 24 hours.
X-ray diffraction (XRD)
X-Ray diffraction (XRD) patterns of the samples were collected at syncrotron Elettra Trieste at beamline MCX with wavelength of 0.155 nm (energy 8.00 keV). The scattered intensity was collected in the 2Theta (2θ) angular range 0-10 o and step size of 0.02 o .
Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) measurements were performed on a PerkinElmer DSC-4 differential scanning calorimeter with Model 3600 Data Station under nitrogen atmosphere (30 cm 3 /min). Samples of 4.3±0.2 mg were encapsulated in aluminum pans and heated from 50 to 190 °C at the heating rate of 10 °C/min, kept at 190 °C for 1 minute, and than cooled to 50 °C at the cooling rate of 10 °C/min. Finally, second heating was performed from 50 to 190 °C at the heating rate of 10 °C/min. The onset temperatures of melting (T m(onset) ), the temperatures at the melting peak maximum (T m(max) ) and the melting enthalpy (H m ) were determined from the second heating scans, while the onset temperatures of crystallization (T c(onset) ), the temperatures at the crystallization peak minimum (T c(min) ) and the crystallization enthalpy (H c ) were determined from the cooling scans. The apparatus was calibrated with an Indium standard. Before operating, the system was stabilized for 1 hour.
Thermogravimetry (TG)
The thermal degradation (sample mass 3.9±0.6 mg) was performed by the nonisothermal thermogravimetry (TG). TG analysis was carried out in the temperature range from 50 to 500 °C using a Perkin-Elmer TGS-2 system with Model 3600 Data Station. The nitrogen flow rate was 30 cm 3 /min and the heating rates were 2.5, 5, 10 and 20 °C/min. Before operating, the system was stabilized for 1 hour.
